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Introduction
Fibroblast growth factor (FGF) signaling plays crucial roles in multiple morphogenetic processes of vertebrate development including gastrulation movement, mesoderm formation and left-right (LR) patterning (1-3). Since gain-or loss-of-function of FGF signaling results in morphological changes in the embryo, some mechanism must ensure appropriate FGF signal levels in space and time for proper morphogenesis throughout development. FGF effectors acting as positive or negative regulators show a wide range of expression patterns and activities, which contributes to the precise regulation of FGF signal activity (1, 4) . Although most effectors identified to date act as negative regulators of FGF signaling, a few that positively regulate FGF activity have been reported (1, 4) .
We recently identified a positive regulator of FGF signaling in zebrafish named canopy1 (cnpy1), which is required for maintenance of the midbrain-hindbrain boundary (MHB) (5) . Expression of cnpy1 was restricted to the MHB at late-somitogenesis stages, whereas cnpy1 was broadly distributed in earlier embryos (ref. 5 and Fig. S1A ), suggesting an additional role(s) for Cnpy1-mediated FGF signaling beyond the regulation of MHB formation. In this study, we characterize cnpy1 in detail during early zebrafish development, and show that a Cnpy1-mediated positive feedback loop of FGF signaling promotes cell cluster formation between dorsal forerunner cells (DFCs) during gastrulation. We also demonstrate that the failure of DFCs to cluster when this FGF positive loop is disrupted eventually leads to Kupffer's vesicle (KV) malformation and randomization of LR asymmetric patterning. Hence, our results uncover the signaling mechanism for DFC clustering, which is prerequisite for KV formation and LR asymmetric patterning in zebrafish.
Results
Positive feedback loop of FGF signaling mediated by Cnpy1 is activated specifically in DFCs during zebrafish gastrulation
To reveal the role of Cnpy1-mediated FGF signaling in early zebrafish embryos, we first looked for the specific regions and cells in which Cnpy1 positively regulates FGF signaling, by monitoring FGF signal activity using an anti-di-phosphorylated Erk (dp-Erk) antibody. FGF signal activity was observed in the blastoderm margin and DFCs at mid-gastrulation (Fig. S2A ), whereas knockdown of cnpy1 with an antisense morpholino (cnpy1-MO) reduced the FGF activity in DFCs (Fig. S2B ). To test whether Cnpy1 is required autonomously for the FGF activation in DFCs, we next knocked down cnpy1 in DFCs but not in the rest of the embryo using a DFC-specific MO delivery method (6) (7) (8) . Similar to cnpy1 morphants, DFC-specific knockdown of cnpy1 (DFC
cnpy1-MO
) reduced the FGF activity in DFCs (Fig. 1B and Fig. S2C ). Since cnpy1 expression is induced by Fgf8 in the MHB (5), we checked whether FGF signaling is also required for cnpy1 expression in DFCs. We found that cnpy1 expression in DFCs could indeed be blocked by knockdown of fgf8 (Fig. S2G ) or by treatment with the FGF receptor inhibitor SU5402 (Fig. 1D) . These results imply that a positive feedback loop between FGF and Cnpy1 is activated specifically in DFCs at mid-gastrulation.
Cnpy1 function within DFCs is required for DFC clustering
DFCs are progenitor cells of Kupffer's vesicle (KV), which is a key organ required for LR patterning in zebrafish (9) (10) (11) . At mid-gastrulation, a cluster of approximately 20
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DFCs appears adjacent to the embryonic shield (12, 13) . The DFC cluster then moves, in contact with the overlying surface epithelium, to the vegetal pole and forms a more compact and oval-shaped cluster by late gastrulation (7, 11, 14) . At the end of gastrulation, DFCs differentiate into ciliated epithelial cells of the KV, which generates the nodal flow required for the LR asymmetric body plan (7, 12, 13) . Recent studies have shown that FGF signaling is required for morphogenesis and ciliogenesis of the KV and for LR patterning (2, 8, 15) . Although knockdown of the FGF target genes ier2 and fibp1 is known to interfere with DFC formation (15) , the contribution of FGF signaling prior to KV formation is poorly understood.
To investigate the morphogenetic role of Cnpy1 in DFC/KV formation, we analyzed the expression of markers specific for DFC fate specification (sox32) or differentiation (no tail) in cnpy1-MO-injected embryos. We found that the DFC cluster was broken up into multiple groups of cells ( Fig. 1K and Fig. S3B , C, E), and the broad distribution of endoderm cells marked by sox32 was disrupted (Fig. S3B) , in cnpy1 morphants. Even though cnpy1 morphants showed a failure of DFC clustering, neither cell fate specification nor total cell number in DFCs was affected by cnpy1 knockdown (Fig.   S3B and Table S1 ). Similar to cnpy1 morphants, DFC-specific knockdown of cnpy1 resulted in a broken-up DFC phenotype, whereas DFC specification and cell number were unaffected (Fig. 1F, K, Fig.S3C , G and Table S1 ). When embryos were co-injected with cnpy1-MO and MO-resistant cnpy1 mRNA (DFC cnpy1-MO+Cnpy1 ), the broken-up DFC phenotype was significantly rescued (53%; P = 0.00174, Fig. 1I 
Amplification of FGF signaling by Cnpy1 is required for DFC cluster formation
The above phenotypes in DFC cnpy1-MO embryos are reminiscent of the defects seen in embryos in which FGF signaling has been disrupted, such as fgf8, fgfr1, ier2 and fibp1 morphants ( Table S1 ). fgf8 knockdown also resulted in defects in KV formation ( Fig.   S6C ) and LR patterning ( Fig. 2F and Fig. S6F ). We also found that 57% of the ace/fgf8 mutants displayed the broken-up DFC phenotype (Fig. S8C, D) . These results suggest that fgf8 plays an essential role in DFC clustering and that Cnpy1 contributes to this role.
We have shown that Cnpy1 is an endoplasmic reticulum (ER)-localized protein that can interact with Fgfr1 (5). However, it is still unclear how Cnpy1 modulates FGF signaling.
As the ER is a quality-control system that ensures maturation of secreted and membrane-bound proteins (16, 17) , we reasoned that Cnpy1 might assist in the maturation of Fgfr1 in the ER, and tested this using in vitro glycosylation assays (for details, see Materials and Methods in SI Appendix). Mature forms of Fgfr1 increased up to two-fold in Cnpy1-overexpressing cells (Fig. 4A, B) , suggesting that Cnpy1 enhances FGF signaling by promoting the maturation of its receptor in the ER. This idea was further supported by proteomic data showing that a human Cnpy1 homolog binds to ER chaperones and folding-assisting enzymes (Table S2) . control-MO-containing DFCs (Fig. S9B) . These results suggest that Cnpy1-mediated FGF signaling modulates cell adhesions between DFCs during the control of cell clustering.
Recent studies have shown that the T-box transcription factor Tbx16 regulates DFC/KV formation in a cell-autonomous manner, although the underlying mechanism is still unclear (7). Tbx16 is also a mediator of FGF signaling, a function that is implicated in the control of cell adhesions via the transcriptional regulation of paraxial protocadherin (papc) (7, 19) . Although papc expression is not detected in DFCs, cadherin1 (cdh1) expression is (7, 20) ; we thus hypothesized that tbx16 and cdh1 are downstream effectors of FGF signaling during the control of DFC clustering. To test this possibility, we analyzed whether Cnpy1-mediated FGF signaling affects expression of tbx16 or cdh1 within DFCs. DFC cnpy1-MO embryos showed reduced tbx16 or cdh1 expression in sparse DFC populations (Fig. 5B, D and Fig. S10B, D) . Importantly, DFC-specific knockdown of tbx16 (DFC tbx16-MO ) also led to a reduction of cdh1 expression within DFCs (Fig. S10E, G) , suggesting that tbx16 plays an important role in cdh1 expression within DFCs.
We next investigated whether DFC-specific knockdown of tbx16 (DFC Hence, our results demonstrate that the Cnpy1-mediated FGF positive feedback loop regulates tbx16 and cdh1 to assemble cells into a tight cluster.
Taking these results together, we propose the following stepwise regulatory mechanism underlying DFC cluster formation (Fig. 5H) . Treatment with SU5402 (100 μg/ml) also led to broken-up DFC clusters (Fig. 1D) .
These results therefore suggest that strong loss-of-function effects on Fgfr1, such as Our results do not support data showing that loss of FGF signaling function, by SU5402 treatment (6-7 μg/ml), genetic disruption of fgf8 and/or fgf24, or ectopic expression of dn-Fgfr1 using hsp70:dn-fgfr1 transgenic zebrafish, leads to a specific defect in cilium length (8) . This discrepancy may arise from variable loss-of-function efficiency due to different inhibitor concentrations, genetic backgrounds or experimental protocols.
Regarding the role of fgf8 in LR asymmetry, severe KV defects including partial or complete loss of KV formation, short cilia, and a reduced number of cilia have been observed in ace/fgf8 mutants, or knockdown embryos of fgf8 or fgf8 effectors (ier2 and fibp1) (2, 15) . In addition, Hong & Dawid have reported that severe KV defects in knockdown embryos of ier2 and fibp1 may be associated with disorganization of the DFC cluster (15) . These findings also differ from those of Neugebauer et al. (8) , but are consistent with our observations that either ace/fgf8 mutants or fgf8 morphants display failures of DFC clustering, KV formation and LR asymmetric patterning (Fig. 2F, 3A -C, 
Role for Cnpy1 in cell signaling
We have revealed a novel insight into the molecular mechanism by which Cnpy1 regulates FGF signaling. Cnpy1 assists Fgfr1 maturation in the ER by binding to ER chaperones and folding enzymes. However, it is noteworthy that Cnpy1 function is not exclusive for FGF signaling. Coimmunoprecipitation experiments have revealed that
Cnpy1 not only associates with Fgfr1, but also binds to the Wnt receptor Frizzled or the Nodal receptor ActRII (5). Interestingly, it has been reported that the Wnt signal modulator duboraya controls KV ciliogenesis (25) and that the Nodal signal mediator
Ttrap may participate in DFC cluster formation and ciliogenesis (20) , suggesting that the coordinated actions of multiple signaling pathways are required for KV formation. It will therefore be of great interest to establish whether Cnpy1 is essential for the modulation or integration of these pathways.
DFC clustering and adhesion
Contact between DFCs and the overlying surface ectoderm is known to be important for DFCs to migrate toward the vegetal pole (14) . Because loss-of-function of FGF signal components (fgf8 and cnpy1) and downstream effectors (tbx16 and cdh1) showed the broken-up DFC clusters but normal migration of these disrupted DFCs to the vegetal pole during gastrulation, FGF signal-dependent cell adhesion may specifically contribute to the interaction between DFCs themselves. However, in these phenotypes, some DFCs remained capable of interacting with others to form small groups of cells, implying that other factor(s) may contribute to DFC clustering. It has been reported that integrin αV and integrin β1b have a role in DFC clustering (26) , and that planar cell polarity (PCP) signaling regulates cell adhesion between DFCs even though knockdown of the signal component pricle1a does not lead to a broken-up DFC phenotype (27) .
Additional experiments to clarify the relationship between FGF signaling and integrins or PCP signaling during DFC cluster formation will be important to understand the entire mechanism underlying DFC cluster formation.
Conclusions
We have discovered the cells (DFCs) in which Cnpy1 functions, and further added a novel insight into the molecular mechanism by which Cnpy1 regulates cell signaling in the ER. We identify an essential signal cascade -ligand, receptor, mediator and downstream effector -which is required for proper cluster formation by progenitor cells. In addition, our findings reveal that progenitor clustering regulated by a positive feedback loop of cell signaling contributes to the formation of a functional organ to establish the left-right asymmetric body plan during vertebrate development.
Materials and Methods
Zebrafish and whole-mount in situ hybridization
A wild-type strain (RIKEN-Wako), Tg[sox17:GFP] (28) and ace ti282a (2) were used in this study. Single or double-color whole-mount in situ hybridization was performed as described previously (29, 30) . cDNA fragments of cdh1, cnpy1, mlc2a, no tail, sox32
and spaw were used as templates for the antisense probes.
Other Methods
Detailed methods for immunofluorescence analyses, pharmacological experiments and rescue experiments are available at SI Appendix. 
